ABSTRACT
Crow, 1 Navajo, 3, 4 Pueblo, 5 Sioux, 6, 7 Tohono O'odham, 8 -12 and Zuni 13 tribes. However, little information has been reported concerning the relation between prevalence and amount of spherical equivalent (sph eq) and presence of high astigmatism in these populations. Furthermore, although a number of investigators have reported a decrease in hyperopia and an increase in myopia with age in these populations, [1] [2] [3] [4] 6, 7 only limited information is available concerning the relation between change in sph eq refractive errors and presence of astigmatism. 14 -16 Several small studies of non-Native American populations have reported an average sph eq refractive error between ϩ1.00 and ϩ2.00 D and a low prevalence of myopia in 3-and 4-year-old children. [17] [18] [19] Kalogjera reported that, among 144 three-year-old Yugoslav urban children, 38% had a sph eq of ϩ1.00 D and 38% had a sph eq of ϩ2.00 D, with only 3% showing myopia. 17 Similarly, among 103 four-year-old Yugoslav children, 29% had a sph eq of ϩ1.00 D and 44% had a sph eq of ϩ2.00 D, with 4% showing myopia. 17 Mayer and colleagues reported a mean sph eq of ϩ1.00 D (SD 0.76) for 43 three-year-olds tested in Boston, and 1.13 D (SD 0.85) for 33 four-year olds. 18 Recently, Grönlund and colleagues reported a mean sph eq of approximately ϩ1.25 D, and no myopia Ն0.50 D sph eq, among a group of 33 four-to six-year olds. 19 Although the relation between astigmatism and spherical refractive error (i.e., prevalence of hyperopic, mixed, and myopic astigmatism) was not examined in these studies, a study of cycloplegic refractive error in a group of 2-to 6-year-old Chinese children indicated that higher amounts of astigmatism were associated with more hyperopic spherical refractive errors. 20 Cross-sectional cycloplegic refractive error data from elementary school children indicate that as children get older, there is a significant reduction in prevalence and amount of hyperopia and an increase in prevalence and amount of myopia, [21] [22] [23] [24] [25] although one study found only a minimal decrease in sph eq across age groups in a large sample of 5-to 15-year-old children in Nepal who had a very low prevalence of refractive error in general. 26 Recently, Shih and colleagues presented cycloplegic refractive error data indicating that, among Taiwanese children with astigmatism Ն0.50 D, the proportion who had hyperopic astigmatism decreased significantly with age, whereas the proportion who had myopic astigmatism increased significantly. 27 Longitudinally-collected information on the association between astigmatism and refractive error development measured with cycloplegia in preschool children is limited. Fan and colleagues reported cycloplegic refractive error data from 108 two-to six-year-old Chinese children followed for 5 years. 20 Results indicated that higher amounts of astigmatism at the initial examination were associated with more myopic spherical refractive errors at follow-up. These results are consistent with data from a large, cross-sectional sample of cycloplegic refractive error data from clinic patients in Boston, which indicated that preschool-and school-aged children with astigmatism are, on average, more myopic than are children without astigmatism. 28 Results from longitudinal assessment of noncycloplegic refractive error in a nonpatient population in Boston followed from infancy through the teenage years indicated that there was a decrease in hyperopia from an average of approximately 1.25 D at age 3 years to plano at age 12 years. In addition, children who had astigmatism Ն1.00 D in the first year of life were more likely to be myopic as teenagers (after age 12 years) than were children who did not have astigmatism during the first year of life. 29 This latter finding is consistent with data indicating that astigmatic blur in infant monkeys increases the likelihood that the monkey will have ametropia later in life. 30 Overall, longitudinal refractive error data from both humans and monkeys suggest that astigmatic blur early in life can disrupt emmetropization.
Initial longitudinal data concerning refractive error changes in 3-and 4-year-old Tohono O'odham children indicated that there was no significant change in mean sph eq or mean astigmatism in this population over an average follow-up period of 1.4 years (minimum ϭ 0.6 year; maximum ϭ 2.5 years). 14, 15 Data from a longer (4.4-year) follow-up period did show a small (0.20 D) but significant decrease in astigmatism; however, no information on change in sph eq was presented. 16 Longitudinal data from the 1.4-year follow-up study showed no difference in the average change in sph eq or cylinder refractive error in astigmatic vs. non-astigmatic children. 14, 15 However, this is not surprising because data from two previous longitudinal studies of refractive error development in preschool children from other populations showed a significant relationship between astigmatism and refractive error development only after at least 5 years of follow-up. 20, 29 The purpose of the present study is twofold. First, we examine the prevalence and amount of hyperopic vs. emmetropic/myopic sph eq refractive errors, as well as the prevalence of hyperopic, mixed, and myopic astigmatism, in a large sample of Tohono O'odham children in whom cycloplegic refractive error was measured at 3 or 4 years of age. Second, we examine the longitudinal change in cycloplegic refractive error that occurs over an interval of 4 to 8 years in a subset of these children, and examine whether change in sph eq refractive error is related to presence of astigmatism. A minimum follow-up period of 4 years was selected because previous research on longitudinal change in refractive error in Tohono O'odham preschool children showed that a significant change in refractive error (astigmatism) occurred over a 4.4-year follow-up period, 16 but that no significant change in spherical or astigmatic refractive error was detected over a shorter follow-up period (1.4 years). 14, 15 This research followed the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of the University of Arizona. Written informed consent was obtained from a parent or guardian before each child's participation. Assent was obtained from children who were in grade 4 or higher (phase II data).
METHODS Subjects

Procedures
Each child's refractive error was measured with a Retinomax autorefractor (Nikon, Inc., Tokyo, now manufactured by Righton Ophthalmic Instruments, Tokyo) at least 40 min after instillation of cycloplegic eye drops as part of a comprehensive eye examination conducted on each child. Autorefraction was conducted by one of the authors (EMH) or by another study staff member. For children in phase I, 1 drop of proparacaine 0.5% was placed in each eye, followed immediately by 1 drop per eye of 2% cyclopentolate, followed 5 min later by 1 drop per eye of 1% cyclopentolate. For children in phases II and III and for children in phase I not meeting minimum weight requirements (girls weighing Ͻ33 pounds, and boys weighing Ͻ35 pounds) or having a history of seizures, the 1st drop of cyclopentolate was 1% (rather than 2%).
Data Analysis
Refractive error data were included in the analyses only if the confidence number for the Retinomax autorefractor measurement was 7 or greater (on a scale from 1 to 10). If a child was examined more than once, the refractive error data included in the analyses were from the first examination on which the confidence number for the right eye cycloplegic autorefraction measurement was 7 or greater. Data were not included if the results of the examination indicated that the child had an ophthalmic condition that hindered accurate refractive error measurements (e.g., cataract).
Refractive error results are presented for the right eye of each subject. Significant astigmatism was defined as Ն1.00 D. Axis of Preschool Refractive Error in a Population with High Prevalence of Astigmatism- Dobson et al. 125 astigmatism (plus cylinder notation) was defined as with-the-rule if it was Ն60°and Յ120°, against-the-rule if it was Ն0°and Յ30°or Ն150°and Յ180°, and oblique if it was Ͼ30°and Ͻ60°or Ͼ120°a nd Ͻ150°.
Longitudinal analyses included children who had a subsequent examination at least 4 years after the initial examination in which a right-eye cycloplegic autorefraction measurement with a confidence number of 7 or higher was obtained. For children who were seen several times after their initial examination, the most recent examination (longest duration follow-up interval) on which a cycloplegic autorefraction measurement with a confidence number of 7 or higher was obtained was chosen for analysis.
RESULTS
Results From the Initial Examination at Ages Three and Four Years
Sample Size and Characteristics. The dataset included refractive error data from 963 children enrolled in the Head Start Program. The sample represented approximately 85 to 90% of children enrolled in Head Start. The data included in this report are from the first examination that met the inclusion criteria for each subject (see Methods).
Data were excluded from 11 children who were younger than age 3 years at the time of their examination, 66 children who were age 5 years or older at the time of their examination, five children who had an abnormality that prohibited accurate measurement of refractive error [retinal coloboma, (1) corneal scar/patch graft (1), corneal opacity (1), iris coloboma (1), lenticonus (1)], 59 children who had right-eye autorefraction measurement with a confidence number Ͻ7, and three children on whom cycloplegic autorefraction was not performed (parent refused or child uncooperative). The final sample included 819 children.
Prevalence, Type, and Axis of Astigmatism. The distribution of amount of astigmatism in the sample of 3-and 4-yearold children is shown in Fig. 1 . The prevalence of significant astigmatism (Ն1.00 D) was 49.7% (407/819) and the mean amount of astigmatism was 1.28 D (SD 1.16). The distribution of type of astigmatism is shown in Fig. 2 . Among the 407 children with significant astigmatism, 65.1% (265/407) had either simple (10.3%, 42/407) or compound (54.8%, 223/407) hyperopic astigmatism, 30.2% (123/407) had mixed astigmatism, and 4.7% (19/ 407) had either simple (1.0%, 4/407) or compound (3.7%, 15/407) myopic astigmatism. Axis of astigmatism was with-the-rule in 99% of the children with significant astigmatism (403/407). One child had against-the-rule astigmatism and three had oblique astigmatism.
Spherical Equivalent Refractive Errors. The distribution of sph eq refractive errors is shown in Fig. 3 for the group of children with significant astigmatism and the group of children without significant astigmatism. In this figure, simple and compound hyperopic astigmatism are combined, as are simple and compound myopic astigmatism, because of the relatively small number of cases of simple hyperopic and simple myopic astigmatism. Mean sph eq was 1.06 D (SD 1.11).
2 analysis indicated that the proportion of children in the astigmatic group who had hyperopic sph eq (sph eq Ͼ0) (83.5%, 340/407), was significantly lower than the proportion of children without significant astigmatism who 126 
Longitudinal Analysis
Sample Size and Characteristics. One hundred forty-six children met the criteria for the longitudinal analysis. Mean age at follow-up was 9.0 years (SD 0.9, range 7.1 to 12.1), and mean time between the initial and the follow-up examinations was 5.1 years (SD 0.8, range 4.0 to 7.9). As shown in Table 1 , mean age at follow-up and mean time between the initial and follow-up examinations did not differ significantly across astigmatism groups. Mean sph eq at baseline for this longitudinal sample was 1.08 D (SD 1.25) and mean astigmatism was 1.43 (SD 1.19). At baseline, the proportion of children with astigmatism Ն1.00 D was 54.1%. Mean sph eq and mean astigmatism at baseline did not differ significantly between the cross-sectional and longitudinal samples, nor did the proportion of children with astigmatism Ն1.00 D.
Change in Prevalence, Amount, Type, and Axis of Astigmatism.
2 analysis indicated that the prevalence of astigmatism in the group followed longitudinally decreased significantly, from 54.1% (79/146) at ages 3 and 4 years to 39.7% (58/ 146) at follow-up (p Ͻ 0.001) (Fig. 1) . As shown in Table 2 , only two children developed significant astigmatism (one mixed and one myopic astigmatism) between the initial examination and follow-up. 2 analysis indicated that the proportion of astigmatic children who had hyperopic astigmatism decreased significantly from 60.7% (48/79) at ages 3 and 4 years to 37.9% (22/58) at follow-up (p Ͻ 0.02) (Fig. 2) . The proportion with mixed astigmatism did not significantly differ at the two ages (35.4% at initial examination vs. 39.6% at follow-up), whereas the proportion with myopic astigmatism significantly increased from 3.8% at initial examination to 22.4% at follow-up (p Ͻ 0.003). Axis of astigmatism was with-the-rule in all 79 astigmatic children at baseline, and in all 58 astigmatic children at follow-up.
Mean astigmatism at baseline and follow-up by astigmatism group and by sph eq group (hyperopic vs. emmetropic/myopic) at baseline is shown in Table 3 . Overall, mean change in astigmatism averaged 0.03 D/yr (SD 0.12). Repeated measures analysis of variance (RM ANOVA) indicated that the decrease in mean astigmatism from baseline to follow-up (mean decrease of 0.17 D) was not statistically significant. In addition, neither presence/absence of high astigmatism at baseline nor type of sph eq refractive error (hyperopic vs. emmetropic/myopic) at baseline was significantly related to amount of change in astigmatism observed from baseline to follow-up.
Change in Spherical Equivalent. 2 analysis was conducted to compare prevalence of hyperopic sph eq vs. emmetropic/ myopic sph eq at baseline and at follow-up. Results indicated that the prevalence of hyperopic sph eq was significantly greater at baseline than at follow-up, and the prevalence of emmetropic/ myopic sph eq was significantly less at baseline than at follow-up for the overall sample (p Ͻ 0.001), for the subset of astigmatic children (p Ͻ 0.001), and for the subset of non-astigmatic children (p Ͻ 0.01). Prevalence of hyperopic sph eq in the overall sample decreased from 81.5% (119/146) at baseline to 63.0% (92/146) at follow-up, and the prevalence of emmetropic/myopic sph eq increased from 18.5% (27/146) at baseline to 37% (54/146) at follow-up. For the subset of astigmatic children, prevalence of hyperopic sph eq in the overall sample decreased from 79.7% (63/79) at baseline to 63.3% (50/79) at follow-up, and the prevalence of emmetropic/myopic sph eq increased from 20.3% (16/79) at baseline to 36.7% (29/79) at follow-up. For the subset of nonastigmatic children, prevalence of hyperopic sph eq in the overall sample decreased from 83.6% (56/67) at baseline to 62.7% (42/ 67) at follow-up, and the prevalence of emmetropic/myopic sph eq increased from 16.4% (11/67) at baseline to 37.3% (25/67) at follow-up. Mean sph eq by astigmatism group and by sph eq group (hyperopic vs. emmetropic/myopic) at baseline is shown in Table 3 . Overall, mean change in sph eq averaged 0.14 D/yr (SD 0.16). RM ANOVA indicated that there was a significant decrease in mean sph eq from 1.08 to 0.37 D (mean decrease of 0.71 D, F(1,142) ϭ 58.51, p Ͻ 0.001). However, neither presence/absence of high astigmatism at baseline nor type of sph eq refractive error (hyperopic vs. emmetropic/myopic) at baseline was significantly related to change in mean sph eq from baseline to follow-up.
DISCUSSION
Initial Examination at Ages Three and Four Years
The results of the present study are consistent with previous reports of a high prevalence of high astigmatism among Tohono O'odham children, with 49.7% of the 819 children in this sample having righteye astigmatism Ն1.00 D. The results of the present study are also consistent with previous studies of cycloplegic refractive error in preschool children, which have indicated that the majority of children in this age group have mildly hyperopic sph eq (Ͻ3.00 D), [17] [18] [19] and that the prevalence of myopia in this age group is very low. [17] [18] [19] Almost all of the 412 astigmatic 3-and 4-year-old children in the present sample had with-the-rule astigmatism (99%).
Results from our sample of 819 three-and four-year-old children indicated that the percentage of non-astigmats with hyperopic sph eq (89.1%) was greater than the percentage of nonastigmats with hyperopic sph eq (83.5%). However, mean sph eq was more hyperopic in astigmats (1.24 D, SD 1.35) than in nonastigmats (0.87 D, SD 0.76). It is not likely that the difference in mean sph eq between astigmatic and non-astigmatic groups was due to the influence of extreme outliers as analysis of medians, which are less likely to be influenced by extreme outliers than are Values are expressed as mean Ϯ SD.
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comparisons of means, indicated that the median sph eq in the astigmatic group (1.25 D) was also significantly greater than the median sph eq in the non-astigmatic group (0.81 D) (p Ͻ 0.001).
The reason for the apparent inconsistency between astigmats and non-astigmats in prevalence of hyperopic sph eq vs. mean/median sph eq can be seen in Fig. 3 . This figure shows that children in the non-astigmatic group have a relatively tight distribution of sph eq refractive errors, with most children having low hyperopic sph eq, whereas in the astigmatic group, values of sph eq are more broadly distributed, with more astigmats than non-astigmats having hyperopic sph eq Ն1.50 D and more astigmats than non-astigmats showing myopic sph eq. The greater mean hyperopic sph eq and the greater variability of sph eq in astigmats, compared with nonastigmats, is consistent with the results from Kee and colleagues, who reported that infant monkeys that were reared wearing cylinder lenses showed more hyperopia and more variable refractive errors than did control monkeys. 30 These results suggest that astigmatic blur may prevent emmetropization during development and are consistent with a number of studies suggesting that the presence of blur early in life interferes with the emmetropization process in primates. 20,29,30 -34 Because we do not have refractive error data from infancy for any of our subjects, we are unable to determine with certainty that high astigmatism in early development led to reduced emmetropization of hyperopic sph eq, or to the greater hyperopic sph eq in astigmatic than non-astigmatic children in preschool. However, phase III of the program, which is currently underway, will provide longitudinal data from age 6 months through first grade, and will allow us to determine the early course of refractive error development, as well as the relation between various components of refractive error in this population.
Longitudinal Data
Although the proportion of children who had astigmatism Ն1.00 D decreased from 54.1% at ages 3 and 4 years to 39.7% approximately 5 years later (Fig. 1) , there was little change in mean amount of astigmatism over time (0.03 D/yr), and mean change did not differ significantly between astigmats and non-astigmats. Two previous longitudinal studies also reported a decrease in prevalence of astigmatism Ն1.00 D, with Gwiazda and colleagues reporting a decrease from approximately 10% at age 3 years to approximately 5% at age 8 years in a Boston-based sample, 29 and Fan and colleagues reporting a decrease from 22% at a mean age of 4.5 years to 13% five years later. 20 Fan and colleagues also reported a small (approximately 0.02 D/yr) but significant decrease in mean astigmatism over the 5-year follow-up interval. 20 Longitudinal analyses indicated that there was an average decrease in sph eq over the 4-to 8-year follow-up period of 0.14 D/yr. On average, the magnitude of the decrease in sph eq was similar in astigmatic (Ն1.00 D) and non-astigmatic (Ͻ1.00 D) children, suggesting that presence of astigmatism did not result in a change in the amount of emmetropization that occurred in this age range and follow-up duration. These results are not consistent with results indicating a greater myopic shift in astigmatic than non-astigmatic Chinese preschool children over a 5-year follow-up period, 20 but are similar to results from a Boston-based group of preschool children, in whom early astigmatism was associated with a greater myopic shift, but not until children reached the teen years. 29 A factor that may have influenced change in refractive error in children in our study is that the astigmatic children in our longitudinal sample were provided eyeglass correction after the initial examination, and significant efforts were made by study staff to encourage compliance with eyeglass wear during follow-up. Therefore, any effect of astigmatic blur on emmetropization may have been reduced or eliminated in children who were compliant in wearing their eyeglasses.
One limitation of our longitudinal sample is that follow-up was not conducted on all children in the initial sample of 3-and 4-year olds tested in Head Start. Phase II of the study, during which the follow-up data were collected, targeted only certain grades during specific study years. Therefore, we cannot be certain that the group of children in the longitudinal sample are representative of the initial sample of 819 three-and four-year olds, or of the population in general. In addition, there may have been a bias in which parents of children in the initial sample gave consent for their children to participate in testing in elementary school. For example, parents of children prescribed eyeglasses in Head Start may have been more likely to enroll their children for repeated testing in elementary school. However, although the proportion of subjects with astigmatism in the longitudinal sample at baseline (54.1%) was slightly greater than the proportion of subjects with astigmatism in the entire sample of 819 children (49.7%), this difference was not significant, nor was there a significant difference in mean amount of astigmatism or mean sph eq in the cross-sectional vs. longitudinal samples. Furthermore, because the primary goal of the longitudinal analysis was to examine change in refractive error, rather than prevalence of refractive error, it is unlikely that any sampling bias would affect the comparison of refractive error change that occurred in astigmatic vs. non-astigmatic subjects.
A second limitation is the relatively small sample (n ϭ 146) of children who were followed for at least 4 years. However, longitudinal follow-up of children initially examined in preschool is currently in progress through phase III of the program and through the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error Study (CLEERE: K. Zadnik, PI, J.D. Twelker, Local-PI).
CONCLUSIONS
The results of the present study, based on cycloplegic refractive error data, indicate a high prevalence of hyperopic sph eq and hyperopic astigmatism in a large group of 3-and 4-year-old children who are members of a population with a high prevalence of astigmatism. These results are similar to those reported for other, less astigmatic, populations of preschool children in whom cycloplegic refractive error has been measured. [17] [18] [19] Comparison of sph eq refractive error results from astigmatic and non-astigmatic children indicated that the average amount of hyperopic sph eq and the variability of sph eq refractive errors were greater in astigmatic than in non-astigmatic children. This is consistent with the hypothesis that optical blur during development can disrupt emmetropization in primates. 20,29,30 -34 Further data are needed, however, to determine when children who are astigmatic at age 3 or 4 years first developed astigmatism, and whether the greater hyperopic sph eq and more variable sph eq refractive errors present in this group have been present since infancy or developed after months or years of astigmatic blur.
Preschool Refractive Error in a Population with High Prevalence of Astigmatism- Dobson et al. 129 Longitudinal data from a subset of the preschool children, followed for an average of 5 years, show a decrease in the prevalence of hyperopic sph eq and hyperopic astigmatism at follow-up, a change in mean sph eq toward less hyperopic/more myopic sph eq, and little change in amount of astigmatism. Further follow-up of these children into the teen years will allow us to determine if astigmatic children in this population are more likely to show greater progression of myopia, as observed in previous studies. 20, 29 
